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ABSTRACT 


Capacitance measurements were used to determine the impurity profile for a CU2S- 
CdS heterojunction formed by acid etching a polycrystalline, evaporated layer of CdS, 
and dipping it into a cuprous ion solution. Capacitance-voltage measurements were 
made both in the dark and under illumination. The barrier height of the junction was de- 
termined to be 0. 85 V. The impurity profile is unaffected by red light, but blue light 
reduces the compensation of a copper-diffused CdS layer. The capacitance measure- 
ments, Hall measurements, and an electron microprobe analysis were used to assemble 
a band structure for the hetero junction which shows four distinct regions. 



IMPURITY PROFILE AND ENERGY BAND DIAGRAM FOR THE CUPROUS 
SULFIDE - CADMIUM SULFIDE HETEROJUNCTION 
by Henry W. Brandhorst, Jr. 

Lewis Research Center 

SUMMARY 

The impurity profile in the cadmium sulfide (CdS) layer of the cuprous sulfide- 
cadmium sulfide (CugS-CdS) hetero junction was determined by capacitance measure- 
ments. The heterojunction was formed by acid etching a polycrystalline, evaporated 
layer of CdS and dipping it into a cuprous ion solution. It was shown that the copper which 
was diffused into the CdS during a fabrication heat treatment does not completely com- 
pensate the excess cadmium centers in the CdS. The net impurity concentration is re- 
duced between two and three orders of magnitude, however. The barrier height was de- 
termined to be 0. 85 volt, which represents the maximum voltage that can be attained 
with the hetero junction. 

A band structure for the CugS-CdS heterojunction was assembled on the basis of the 
impurity profile determined from the capacitance measurements and from Hall and elec- 
tron microprobe measurements on the Cu 9 S layer. Apparently, four regions are present 
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in the device: (1) n -type CdS, donor impurity concentration (N^) of approximately 10 

per cubic centimeter, Fermi level 0. 02 electron volt (eV) below the conduction band 
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edge; (2) n-type CdS:Cu, of approximately 10 per cubic centimeter, Fermi level 

0. 13 eV below the conduction band edge; (3) p-type Cu 9 S:Cd, acceptor impurity concen- 
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tration (N ) approximately equal to 10 per cubic centimeter, Fermi level about 0. 2 eV 

a + 20 
above the valence band edge; and (4) p -type CugS, N a approximately equal to 10 per 

cubic centimeter, near-degenerate CugS, Fermi level at the valence band edge. 

The effects of various wavelengths of light on the impurity profile in the CdS were 

studied. With infrared light, no change occurred in the profile from its dark value. 

However, blue-green or white light considerably reduced the degree of compensation of 

the CdS by the copper centers. 


INTRODUCTION 


Since the discovery of the photovoltaic effect in cadmium sulfide (CdS) by Reynolds, 
Leies, Antes, and Marburger (ref. 1), a variety of mechanisms has been proposed for 
the origin of the effect. Considerable attention has been given to the origin of the anom- 
alous red response, whereas the problem of the type of junction involved has received 
attention only more recently. The red response has been attributed to impurity band 
conduction (refs. 2 and 3), photoemission (ref. 4), and electronic excitation in the de- 
pletion region of the CdS (refs. 5 to 11). The type of junction said to be present in the 
device has ranged from a p-n homojunction in the CdS (refs. 5 and 6) to a heterojunction 
between cuprous sulfide (C^S) and CdS (refs. 12 to 14). 

None of these studies, however, determined the impurity profile or band structure 
of the heterojunction. The purpose of the present study was to make such measurements 
in the hope of obtaining a more detailed view of the photovoltaic process in these devices. 
Of particular interest was the structure of the thin-film CugS-CdS solar cell. Therefore, 
the heteroj unctions studied in this work were formed by acid etching a polycrystalline, 
evaporated layer of CdS and dipping it into a cuprous ion (Cu + ) solution to produce a layer 
of CugS. The impurity distribution in the CdS layer was determined with capacitance - 
voltage measurements. These data, when combined with Hall and electron microprobe 
information on the C^S layer, allowed the construction of a band diagram for the CugS- 
CdS heterojunction. 


EXPERIMENTAL PROCEDURE 


The cells used in this study were 1- by 2-centimeter thin-film CdS solar cells ob- 
tained from the Clevite Corporation. These cells are shown in cross section in figure 1. 

The CdS layer formed by vacuum evaporation (ref. 15), has a thickness of about 25 mi- 
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crometers and a carrier concentration of the order of 10 to 10 per cubic centimeter 
as determined by Hall measurements. The CdS is n-type with the conductivity coming 
from excess cadmium. The CugS layer was formed by dipping the acid-etched CdS film 
into a Cu + solution at 90° C (363 K) for a few seconds. The p-type layer is degenerate 
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Figure 1. - Cross section of cadmium sulfide thin-film solar cell. 
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and has a carrier concentration of the order of 10 per cubic centimeter with a maxi- 
mum thickness of 0. 5 micrometer (ref. 16). The cells were then heat treated at 250° C 
(523 K) for a few minutes to form a good working device. Grids were attached with con- 
ductive epoxy cement, and the cells were then laminated in plastic to ensure stability. 
Cell efficiencies were about 5. 0 percent under conditions of air mass 1 illumination and 
25° C (298 K). 

A Boonton model 75A-S8, 1-megahertz capacitance bridge was used in these studies, 
and the test arrangement is shown in figure 2. Because the cell impedances were of the 
order of 5 ohms, a Boonton model 77-2A range extender had to be used. This extender 
permitted capacitance readings to 100 000 picofarads and impedance readings to 1 ohm. 
The signal level reaching the sample was approximately 2 millivolts. 

Bias voltage was supplied from a stabilized direct- current power supply that, in this 
test arrangement, delivered 150 milliamperes at 18 volts. The current in the circuit 
was measured by the voltage drop across a precision 1-ohm resistor which introduced no 
loading into the circuit. The choke shown in the schematic diagram (fig. 2) was used to 


Voltage 


Test cell 



Current 


Figure 2. - Capacitance-voltage measurement apparatus. 


isolate the power supply from the bridge. The bias voltage across the cell and the volt- 
age across the 1-ohm current-sensing resistor were measured with an integrating digital 
voltmeter. The input impedance was 1 megohm. The voltmeter was removed from the 
circuit while the capacitance was being measured to eliminate loading effects. 

Large errors in capacitance were noted at sample impedances below 50 ohms. It 
was therefore necessary to calibrate the test arrangement with known capacitances in 
parallel with carbon resistors reaching values as low as 1 ohm. This calibration proved 
satisfactory, and reproducibility of data in these measurements was better than 2 percent. 
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When capacitance measurements were begun at zero bias and extended to negative 
bias voltages, unrealistically high barrier heights (in excess of 20 V) were obtained. In 
addition, the readings were not reproducible because a drift of capacitance with time was 
noted. Reproducible measurements were obtained only when currents of 100 milliam- 
peres or more were first passed through the cell in the forward (CugS positive) direction. 
Under these conditions, positive bias voltages in excess of 1 volt were initially obtained; 
however, the voltage would decay, and stable readings between 0. 4 and 0. 6 volt were 
reached after several hours. During this voltage decay, however, no significant change 
in the capacitance was noted. The conditions of high current flow in the forward direc- 
tion for long periods of time also caused a large number of cell failures. As the bias 
voltage was lowered for each successive measurement, it was necessary to wait until 
stable readings were reached before reproducible data could be obtained. 


THEORY 

Schottky (ref. 17) has shown how capacitance- voltage measurements on metal- 
semiconductor junctions can be used to infer the impurity profile in the semiconductor. 

In a semiconductor-semiconductor heterojunction, the situation is more complex (ref. 18). 
However, if one of the semiconductors is heavily doped, most of the depletion region 
occurs on one side of the junction, and Schottky's theory can be used. This condition is 
fulfilled for the CugS-CdS heterojunction because the CugS is either degenerate or near- 
degenerate; hence, most of the depletion region must occur in the CdS. In this situation, 
Schottky's equations are valid and the impurity concentration can be deduced from the 
following equation. 



dV xegeN 


where C is the capacitance, A is the cell area, V is the applied bias voltage, k is the di- 
electric constant (9 for CdS at 1 MHz and assumed to be independent of doping at the con- 
centrations observed), and £q is the permittivity of vacuum. Inherent in the derivation 
of equation (1) is the assumption that ionization and recombination processes are not in- 
volved, as the impurity centers are completely ionized in the bulk material, and that the 
space charge due to free carriers is negligible. Under these circumstances, N, repre- 
senting the net impurity concentration, can thus be represented by or N , the donor 
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or acceptor impurity concentration, respectively, or their difference in the case of im- 
purity compensation. The slope of the line relating 1/(C/A) and V at any applied 
bias is seen to be inversely proportional to the local net impurity content. This relation 
holds for any impurity profile, as does the expression for the depletion layer width (X): 


C 

RESULTS 

Impurity Distribution 

2 2 

A typical plot of A /C against bias voltage is shown in figure 3. The curve shows 
two slopes separated by an abrupt transition region. At reverse biases above 3 volts, 
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Figure 3. - Capacitance-voltage plot for cuprous sulfide-cadmium sulfide thin-film solar cell 
B724A-6 (as -received). 


deviations from linearity take place which can be caused by breakdown, traps (ref. 19), 
or the nonuniformity of the junction (ref. 20). Therefore, no analysis was made beyond 
3 volts because these effects could not be separated. The impurity profile obtained from 
equations (1) and (2) is shown in figure 4. The ordinate scale (N^ - N a ) represents the 
net impurity concentration. It can be clearly seen that partial compensation of the bulk 
CdS has taken place. The acceptor in this case is probably copper that was diffused into 
the CdS during a heating step in the process of cell fabrication. Figure 4 shows that the 
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Figure 4. - Impurity distribution in cadmium sulfide 
layer of cell B724A-6 (as-received). 

copper has not completely compensated the CdS because the concentration in the copper- 
diffused region is about 9x10^ per cubic centimeter. The transition in the profile is ab- 
rupt and comes at a depth of 0. 26 micrometer in the CdS. The impurity concentration in 
the bulk CdS is about 2x10^ per cubic centimeter. Errors introduced by the slope calcu- 
lation lead to an uncertainty of 10 to 20 percent in the quoted value at doping levels of the 
18 ~ 

order of 10 per cubic centimeter. At the lower net impurity concentrations typical of 
the copper-diffused CdS, the reproducibility of the concentration values is about 5 percent. 

Because the impurity distribution appears to be uniform near the junction, it is pos- 
sible to extrapolate the line above 0. 45 volt to obtain the barrier voltage V D of the junc- 
tion (ref. 20). For the data of figure 3, such an extrapolation yields Vp = 0. 87 volt. 

The value of the impurity concentration in the bulk CdS as just determined is about 
one order of magnitude higher than Hall data on similar films. This discrepancy can be 
attributed to the uncertainty in the junction area. Photomicrographs show that the sur- 
face of the cell is quite rough with valleys running down grain boundaries . In this study, 

2 

the valleys were ignored and the area was determined from the total cell area (2 cm 
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nominal) and a geometric roughness measured from photomicrographs. This roughness 
increases the nominal area by about 10 percent. Quite possibly, the actual cell area may 
be two to three times greater than this estimate if the valley area were to be included. 
Using a larger estimate of cell area would simply shift the carrier profile to a greater 
depth and decrease the carrier concentrations but would not affect the basic conclusions 
of this report. For the data of figure 4, for example, if the true area were three times 

greater, the depletion layer width would be 0. 79 micrometer, the concentration in the 
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CdS:Cu would be 10 per cubic centimeter and in the bulk CdS, 2x10 per cubic cen- 
timeter. These concentrations are about an order of magnitude less than the uncorrected 
values and correspond well to the Hall data. 

The shape of the impurity distribution shown in figure 4 is typical of the diffusion of 
a compensating impurity into certain crystals. Similar results have been obtained for 
the diffusion of copper into zinc selenide (ref. 21). Capacitance measurements deter- 
mine the net charged impurity distribution and not necessarily the atomic diffusion pro- 
file. When compensation is occurring in the II-VI compounds, there will be an abrupt 
change in the net charged impurity concentration when the concentration of the compen- 
sating impurity falls below the donor (or acceptor) concentration in the host crystal. 


Heat Treatment 

A brief heat treatment at 200° C (473 K) was given the cell to determine whether or 
not a shift in the impurity profile would occur because of further diffusion. The results 
are presented in figure 5, which shows that the impurity concentration in the bulk CdS 
remained the same while the transition region moved deeper into the cell. The degree of 
compensation of the CdS:Cu layer has also increased and further increases with in- 
creasing time and temperature of the heat treatment. For example, in a test on another 
cell, a 10-minute heat treatment at 230° C (503 K) lowered the impurity concentration in 
the CdS:Cu layer from approximately 10 10 to 10 1 per cubic centimeter. 
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Figure 5. - Effect of heat treatment on impurity distribu- 
tion in cadmium sulfide layer of cell B724A-6. 

Optical Effects 

In addition to acting as compensating centers and deep traps (1.2 eV below the con- 
duction band, ref. 22), copper centers in CdS are also optically active (refs. 5, 8, 10, 
and 22). The optical and electrical response of these copper centers is strongly in- 
fluenced by the wavelength of light used to illuminate them (ref. 10) . It was of interest, 
therefore, to determine the effect of various wavelengths of light on the impurity distri- 
bution. The light sources and their intensities used in this study were as follows: 
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Light 

Source 

Intensity, 

mW/cm^ 

Infrared 

Microscope illuminator with Wratten 
No. 87 filter (0. 8 to 1. 2 jLtm) 

ID 

White 

Microscope illuminator 

20 

Blue -green 

Hydrogen lamp with 0. 498-jum 
monochromatic interference 
filter 

5 


The results are shown in figure 6. In darkness, a distribution similar to that shown in 
figure 4, which is typical of all cells tested, was obtained. When infrared light illumi- 
nated the cell, no substantial change was observed in this distribution. (The slight shift 
in the curve can be attributed to a small amount of visible light transmitted by the 
Wratten No. 87 filter.) When white or blue-green light was used to illuminate the cell, 
substantial changes occurred in the amount of compensation of the CdS:Cu layer. Fur- 
thermore, the capacitance measurements were stable at all bias levels and showed no 
tendency to drift. 



Figure 6. - Effect of illumination on impurity 
distribution in cadmium sulfide layer of 
cell B724A-1. 
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Electron Microprobe 


The impurity profile in the Cu 9 S layer was also determined. Hall measurements on 

c on 

thin CU 2 S layers yielded an average value for the carrier concentration of about 10 per 
cubic centimeter. Because capacitance measurements could not be used and the layer 
was too thin to profile by known assaying methods, the impurity distribution in the CugS 
layer was inferred from electron-beam microprobe analyses on thicker layers of C^S. 
Microprobe analyses were made on a C^S-CdS heterojunction in which the C^S had been 
chemically formed on single-crystal CdS with the standard chemical dip. These ana- 
lyses showed a cadmium gradient extending into the C^S for a distance of 10 micro- 
meters. The total thickness of the CugS layer on the CdS single crystal was 190 micro- 
meters. No attempt was made to determine the effect of heat treatment on the depth of 
the cadmium gradient extending into the C^S layer. 

DISCUSSION 

As noted in a previous section, a gradual decay of the applied bias voltage with time 
occurred. Over a period of hours, the forward voltage decreased from about 1 volt to 
between 0. 4 and 0. 6 volt. Decay phenomenon of this type are not necessarily new 
(refs. 20 and 23) and are thought to be caused by either highly mobile ions or trapping 
centers located in the depletion region. In the present case, if traps were responsible 
for the effect, they were probably copper centers. A positive bias would tend to fill 
these centers completely, because some of them are initially above the Fermi level 
(ref. 19). 

Because no significant change in capacitance was observed during this voltage decay, 
it is probable that no change took place in the net impurity concentration or in the depth 
of the compensated layer. However, if the decay in voltage had been caused by the mo- 
tion of copper ions in the CdS, it is possible that the impurity profile could have been 
changed. The motion of copper ions may also help to explain the large number of cell 
failures under forward bias. Further experiments are required to clarify these hypoth- 
eses, however. 

High field injection might also possibly be responsible for the behavior of the 
capacitance -voltage plots in the forward direction. If this were true, it would suggest 
that the impurity concentrations measured for the CdS:Cu region are upper limits. 

Two factors, however, tend to refute this possibility. First, a plot of the logarithm of 
the capacitance against the logarithm of the current had a slope of 1/2, which would be 
expected from equation (1), and not a slope of 2, which would have indicated the presence 
of high injection. Second, as heat treatments were continued, the compensation of the 
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CdS:Cu layer also increased, which would not be expected if the forward voltage results 
were caused by injection. Therefore, in view of these considerations, a band structure 
for the C^S-CdS heterojunction is assembled in the following section. 

Band Structure of Cuprous Sulfide - Cadmium Sulfide Heterojunction 

Based on the impurity profile in the CdS layer determined by capacitance measure- 
ments, the carrier concentration in the C^S layer determined by Hall measurements 
and the electron microprobe data, a band structure can be assembled for the C^S-CdS 
heterojunction. The heteroj unction apparently consists of four regions shown schemati- 
cally in figure 7: (1) bulk CdS, (2) Cu-'doped CdS, (3) Cd-doped C^S, and (4) near- 
degenerate CU2S. 



Depth — ► 

Figure 7. - Band structure for cuprous sulfide-cadmium sulfide heterojunction. 


Bulk Cadmium Sulfide 

The bulk CdS is n-type because of excess Cd and has a carrier concentration of 
18 

about 10 per cubic centimeter. For consistency, all data for the CdS layer are based 
on the impurity concentrations determined by capacitance measurements (These concen- 
trations may be as much as one order of magnitude too high because of errors in cell 
area determination, as discussed in the section Impurity Distribution). The depth of the 
Fermi level below the conduction band edge was determined from the following equa- 
tion (ref. 24): 
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2 /27rm*kT 
h 2 


.3/2 


( 3 ) 


where E^ is the band gap, k is Boltmann's constant, T is absolute temperature, n is 

the carrier concentration, m* is the electron effective mass (for CdS, m* = 0. 18 mg, 

where is the free electron mass), and h is Planck's constant. Substitution yields 

a value of about 0. 02 eV. (If the cell area were three times greater, the impurity con- 
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centration would be 2x10 per cubic centimeter with a Fermi level depth of 0. 06 eV. ) 
The thickness of the bulk CdS is about 25 micrometers (ref. 15). 


Copper-Doped Cadmium Sulfide 

As a result of the fabrication heat treatment (2 min at 250° C or 523 K), copper dif- 
fuses into the CdS for a distance of about 0. 3 micrometer, partially compensating the 

excess cadmium carriers present there, as shown in figure 4. The impurity concentra- 
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tion in this region is about 10 per cubic centimeter with a Fermi level calculated from 

equation (3) to be 0. 13 eV below the conduction band edge. (Again, increasing the area 
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three times yields = ~10 cm and Ej = 0. 19 eV below the conduction band edge. ) 
The amount of band bending in the n-CdS:Cu is given by the barrier voltage which 
averages 0. 85 eV. (The values obtained in this study ranged from 0. 82 to 0. 88 eV. ) 

This value for the barrier height has also been substantiated by optical and capacitance 
measurements on undiffused C^S-CdS heterojunctions (ref. 16). 

Cadmium-Doped Cuprous Sulfide 

As shown by the electron microprobe analysis of the CugS-CdS junction on the CdS 
single crystal, apparently a region in the C^S layer exists which contains a consider- 
able concentration of cadmium. Although no direct measurements were made to detect 
such a layer in the polycrystalline film cell used in this study, its existence seems 
likely. Some general remarks can be advanced as to its nature. Because of the simi- 
larity of the sulfur atom packing in both C^S and CdS and because of the fact that copper 
is a compensating impurity in CdS, it is probable that cadmium acts as a compensating 
impurity in C^S. Cadmium in the near -degene rate C^S would then raise the Fermi 
level above the valence band in this region. The height of the Fermi level above the va- 
lence band in this region (0. 2 eV) has been estimated from the difference between the 
band gap of C^S (1. 2 eV) and the sum of the barrier height for the Cu-doped CdS 
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(0. 85 eV) and the depth of the Fermi level below the conduction band (0. 13 eV). If the 

hole effective mass is assumed to be about 0. 5 m n , a carrier concentration of about 
16 " 

10 per cubic centimeter is obtained from equation (3). 

The existence of this Cu 0 S:Cd region does not invalidate the Schottky barrier as- 

sumption or the A /C analysis of the data. Experimentally, the Ci^SiCd region would 

be observed in the capacitance study only at high forward voltages. These voltages could 

not be achieved because at a forward voltage higher than 0. 6 volt, cell failure usually 

occurred as a result of high current flow. 


Cuprous Sulfide Layer 

20 

The cuprous sulfide is near-degenerate with a carrier concentration of about 10 
per cubic centimeter as determined from Hall effect measurements (ref. 16). Under 
these conditions, the Fermi level is essentially pinned at the valence band edge. The 
maximum thickness of the C^S layer is approximately 0. 5 micrometer. 

The band structure shown in figure 7 does not include possible discontinuities at the 
Cu2S-CdS interface, as discussed by Anderson (ref. 18), because the necessary values 
of electron affinity, work function, and dielectric constant for C^S are not available. 


Implications of Band Structure and Additional Supporting Evidence 

Three major features of the band structure shown in figure 7 can be tested experi- 
mentally. First, the optical activity of the copper centers in the CdS can be measured. 
Second, direct photoexcitation of electrons across the band gap of C^S should be ob- 
served. Third, the band structure suggests certain limits on the maximum voltage of 
the heterojunction and its temperature dependence. It is of interest, then, to discuss 
these topics. 

Optical response of copper centers in cadmium sulfide . - In addition to acting as 
compensating centers and deep traps, copper centers in CdS are also optically active. 
Illumination of the CdS with blue-green light (or other strongly absorbed radiation) gen- 
erates holes that are captured by these copper centers (refs . 8, 9, and 22) . These new 
centers (presumably Cu j are not compensating centers; hence, the amount of compen- 
sation in the CdStCu region should be reduced. Figure 6 shows that the amount of com- 
pensations has indeed decreased under blue-green illumination; however, the light inten- 
sities that were used in this study were not high enough to eliminate the compensating 
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centers completely. Also, under blue-green or white illumination, Cu does not act as 
a trapping center, presumably because it is below the Fermi level in the depletion region. 
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Accordingly, no rise or decay in output typical of the behavior of trapping centers was 
observed in the capacitance measurements under blue-green or white light. Red light, 
however, had no effect on the impurity profile nor did it after the transient changes in 
output typical of trapping centers. 

Furthermore, because strongly absorbed light reduces the amount of compensation 
of the CdS, it should also reduce the series resistance of the cell. From the data of fig- 
ure 6, one can see that the series resistance of the cell in red light should be greater 
than the resistance in blue-green or white light. This higher resistance in red light has 
been experimentally observed to be the case (ref. 10). 

Photoresponse of cuprous sulfide. - It is doubtful that the strong infrared light ab- 
sorption of these copper centers (ref. 8) in the CdS can contribute to the red response of 
the cell because only holes are involved in the transitions. However, the red response of 
the cell could possibly come from photon absorption which would lead to hole -electron- 
pair formation in the CugS (ref. 10). In support of this possibility, the absorption coeffi- 
cient and band gap for CugS (ref. 25) indicate that significant red response can indeed be 
generated by this layer at thicknesses less than 0. 5 micrometer. Therefore, the low 
energy threshold of the spectral response of the cell should then occur at 1. 2 eV. Strong 
evidence supporting these suggestions has been obtained experimentally (refs. 10 and 16). 

Maximum cell voltage. - To a first approximation, the maximum open-circuit volt- 
age that can be obtained from a heteroj unction should be determined by the material with 
the smallest band gap (ref. 26). That the smaller band gap material largely determines 
the voltage helps to explain why the magnitude of the voltage and its temperature coeffi- 
cient (ref. 27) in the CugS-CdS heteroj unction resemble the silicon solar cell (silicon 
band gap, 1. 1 eV, CugS band gap, 1. 2 eV). From the band structure determined for the 
cells used in this study, the maximum open-circuit voltage should approximate the bar- 
rier height of about 0. 85 volt. Under 1-sum illumination, a maximum open-circuit volt- 
age of 0. 7 volt has been observed at about -123° C (150 K) on similar thin-film C^S-CdS 
heterojunctions (unpublished data obtained from C. H. Liebert of the NASA Lewis 
Research Center) . It is felt that if cells with much higher shunt resistances were avail- 
able, closer agreement to the 0. 85-eV barrier would be obtained. 


SUMMARY OF RESULTS 

Capacitance-voltage measurements were made on cuprous sulfide -cadmium sulfide 
(Ci^S-CdS) heterojunctions formed by acid etching an evaporated polycrystalline CdS 
layer and dipping it into a cuprous ion solution. The net impurity profile in the CdS 
layer was determined from the capacitance measurements. These measurements 
showed that the copper which was diffused into the CdS during a fabrication heat treat- 
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ment did not completely compensate the excess cadmium centers in the CdS but did re- 
duce the impurity concentration between two and three orders of magnitude. The barrier 
height was determined to be 0. 85 volt, which represents the maximum voltage that can 
be obtained with this he ter o junction. 

On the basis of the impurity profile determined from capacitance measurements and 
Hall and electron microprobe measurements on the Cu 2 S, a band structure for the Cu 2 S- 
CdS heterojunction was assembled. Four regions were apparently present in the device: 
(1) n + -type CdS, donor impurity concentration (N d ) of approximately 10^ per cubic cen- 
timeter, Fermi level 0. 02 eV below the conduction band edge; (2) n-type CdS:Cu, N . of 
1 fi U 

approximately 10 per cubic centimeter, Fermi level 0. 13 eV below the conduction 

band edge; (3) p-type Cv^SrCd, acceptor impurity concentration (N d ) approximately 
equal to 10*^ per cubic centimeter, Fjermi level about 0. 2 eV above the valence band 
edge; and (4) p + -type CugS, N & of approximately 10^® per cubic centimeter, near- 
degenerate Cu 2 S, Fermi level at the valence band edge. 

The effects of various wavelengths of light on the amount of compensation in the 
CdS:Cu layer were studied. The amount of compensation did not change from its dark 
value when irradiated with infrared light, but blue-green or white light considerably re- 
duced the degree of compensation of the CdS, which indicated the optical activity of the 
copper centers. 

This band structure and other published data suggest that most of the red response 
comes from the Cu 2 S layer and that the maximum voltage of the heterojunction is limited 
to about 0. 85 volt. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, December 12, 1968, 

120-33-01-09-22. 
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